Abstract Raman spectra and ab initio computational analysis involving Car-Parrinello molecular dynamics simulations and Density Functional Theory approach have been employed to obtain information on the behaviour of oxazole and thiazole in aqueous suspensions of silver nanoparticles, where solvation and chemisorption processes competitively occur. The solvation of both oxazole and thiazole is dependent on stable hydrogen bonds with water, mainly involving the nitrogen atoms of the heterocycles. The adsorption on silver colloidal nanoparticles is, instead, ensured by replacing water molecules of the aqueous environment with surface active sites that can be modelled as Ag 3 + clusters. These surface complexes can reproduce accurately the observed surface-enhanced Raman spectra, particularly concerning the most significant frequency-shifts with respect to the normal Raman spectra in aqueous solutions and the relative intensity changes.
Introduction
The adsorption of molecules on metal nanoparticles in colloidal suspensions represents a fundamental process for wide applications regarding the biomedical and environmental fields, as well as those related to the heterogeneous catalysis [1] . For example, nanohybrids consisting of biomolecules linked to gold or silver colloidal clusters can be employed to selectively act against pathogenic agents or tumour formations [2] ; the capability of metal colloids to adsorb pollutants can overcome problems of environmental contamination [3] ; the adsorption of reactants on metal nanostructured substrates like colloidal suspensions is a prerequisite for the activation of many catalytic reactions [4] . Furthermore, the aqueous dispersions of nanosized particles of coinage metals (Au, Ag, Cu) exhibit peculiar optical properties, due to the excitation of surface-localized electrons [5] . When electromagnetic radiation interacts with a metal surface with nanoscale roughness, the conduction electrons can be trapped in the nanostructures, producing collective electron excitations called surface plasmons, which lead to enhancement of the local electromagnetic field owing to the high absorption of light near the metal nanoparticles. This induces enhancements of the spectroscopic signals, like in surface-enhanced Raman scattering (SERS) [5, 6] . SERS spectroscopy allows obtaining giant Raman enhancements for molecules adsorbed on nanostructured substrates of metals like silver, gold and copper, usually around 10 6 -10 7 , but up to 10 14 -10 15 factors in single-molecule experiments. This effect is generally attributed to two different mechanisms, involving both the enhancement of the electric field near the surface, due to the resonance of the excitation wavelength with the surface plasmons of the metal nanoparticles, and the enhancement of the molecular polarizability when the ligand molecules are chemically bound to the active sites of the metal surface. Albeit this latter ''chemical effect'' improves the Raman enhancement only up to 10 2 , with respect to the predominant role of the electromagnetic contribution, it plays a key role in the observation of the SERS spectra by strongly affecting the frequency positions and the relative intensities of the bands. As a consequence, by observing these spectroscopic features useful information can be obtained on the adsorption phenomena and the properties of molecules linked to the metal. Ag nanoparticles in aqueous colloidal suspensions are considered the most efficient substrate for enhancing the Raman signals of adsorbates with respect to other SERS-active metal platforms like thin films, crystalline islands or surfaces roughened by chemical or electrochemical treatments. Actually, silver colloids are easy to prepare and provide strong SERS enhancements of ligands, whose adsorption can be monitored by observing in the UV-vis region the surface plasmon resonance (SPR) bands of the Ag nanoparticles. These latter show a SPR band around 390 nm, due to the electron excitation of nonaggregated particles, but it can move to longer wavelengths due to colloidal aggregation when the ligand is strongly adsorbed on metal. Actually, chemisorption of organic ligands could remove the surface charges that give stability to the colloidal suspension, inducing particle aggregation. Raman measurements, then, usually confirm this adsorption process by observing strong enhancements of the SERS bands and sizeable frequency-shifts with respect to those observed in the normal Raman spectrum.
Water, as dispersing medium of Ag nanoparticles, plays a fundamental role in both the stability of the colloids and the adsorption of organic ligands. Actually, the metal surface usually becomes negatively charged by adsorption of anionic species deriving from the aqueous environment, like hydroxide ions, which impair the aggregation and collapse of the colloidal dispersions [7] . Organic ligands, moreover, must be partially soluble in water to interact with the metal particles; since the solvation represents a necessary prerequisite for the adsorption of ligands in Ag hydrosols. Chemisorption, however, is a quite complex process, which involves not only the solvation of molecules in the aqueous environment, but also the ligand affinity to the metal and the presence of active-sites at the surface of the metal nanoparticles. As a consequence, the adsorption on silver particles in hydrosols cannot be understood if the action of the water molecules on the ligand molecules is neglected. Water largely affects the adsorption in Ag hydrosols when acid-base interactions occur between ligand molecules and aqueous medium: in this case, the SERS effect results closely dependent on the pH of the water solution; see, for instance, the cases of 1,2,3-triazole [8], tyrosine [9] , 3-thiophene carboxylic acid [10], 6-mercaptopurine [11] or uracil [12] . However, also for non-protic ligands, a strong interaction with the aqueous medium could exist by effect of hydrogen bonding, when heteroatoms are present in the molecules, thus impairing chemisorption on the metal substrate. A detailed description of the H-bond dynamics is necessary to characterize the stability and strength of the ligand interaction with the solvent and to set up a suitable model to explain the Raman spectra in Ag hydrosols of molecules as oxazole and thiazole, where two different heteroatoms are present in fivemembered rings (see Fig. 1 ). Actually, in these cases a competition occurs between solvation and chemisorption; consequently, the analysis of the SERS spectra, including frequency-shifts and relative intensities, is to be performed in comparison with the normal Raman spectra in water solutions. The presence of heteroatoms, however, is not sufficient to ensure chemisorption on silver and, consequently, a strong SERS effect, which are closely dependent on the type and the number of heteroatoms, along with their position in the unsaturated ring. Hence, a detailed analysis of the interaction forces between organic and water molecules has been here performed, by using the ab initio Molecular Dynamics approach. This latter allows simplifying the model systems assumed for the subsequent DFT (density functional theory) calculations, in comparison with those performed on ligand/silver complexes able to mime the chemical interaction with the active sites of the metal surface.
Experimental

Colloidal Sample Preparation
Ag hydrosols have been prepared by adding AgNO 3 (99.9999% purity, Aldrich) to excess NaBH 4 (99.9% purity, Aldrich) following the procedure adopted by Creighton et al. [14] . One hour after the colloid preparation, LiCl was added under stirring to obtain a 10 À3 M concentration. The ligand adsorption was obtained by adding oxazole (98% purity, Aldrich) or thiazole (99% purity, Aldrich) to silver colloids in 10 À3 M concentration.
Absorption Spectra
UV-visible absorption spectra of the colloidal suspensions were measured with a Cary 5 spectrophotometer. The ligand adsorption was monitored by observing the red-shift of the surface plasmon resonance band, usually observed around 390 nm, due to the aggregation of the Ag nanoparticles. The addition of thiazole promotes fast aggregation of Ag nanoparticles.
XPS Measurements
X-ray photoelectron spectra were measured using a nonmonochromatic Mg-K a X-ray source (1253.6 eV) and a 
